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Introduction
The marked increase in portable electronic device sales together with huge demand for flat screen high-definition televisions (HDTVs) are the main driving forces behind the need for batteries and continued research into various materials and forms for transparent conducting oxides (TCOs) and similar coatings. Among TCOs, materials such as indium oxide (IO), tin oxide (TO) or tin-doped indium oxide (ITO) [1] [2] [3] [4] [5] [6] and emerging alternatives such as graphene and Cu or Ag NWs for example [7, 8] , have been a consistent focus of research interest [9] where transparency is a useful visible range or indeed other wavelength regions of interest, is matched by sheet resistances below 10 Ω/□ [10] . ITO is the TCO used most often and its applications vary from thin film transistors [2, 6, [11] [12] [13] , optical circuits [14] , displays [15, 16] , touch screens [17] , and also as a transparent contact in solar cells [5, [18] [19] [20] .
Low sheet resistances are typically required for thin-film solar cells and the solar photon fluxweighted optical transparency of ITO on glass is about 80%. The battery however, a key component in the majority of portable electronics, has only very recently been demonstrated as a transparent device [21] , and scope exists for the development of true see-through charge storage materials [22] [23] [24] [25] [26] [27] [28] , where touch screens, solar cells and charge storage batteries can co-exist with transparent, or optically addressable form.
Their metallic properties cause most TCO's to be reflective in the infrared and for most TCO's a trade-off exists between transparency and conductivity, and sheet resistance for thin films [29] . In line with this, transparency in battery electrodes gives the opportunity for in-situ and non-destructive diagnostic analysis of material changes during operation and the development of conductive current collectors and electrode materials that reversibly intercalate lithium with sufficiently high volumetric energy densities. This research could also allow the possibility of investigating kinetics of insertion mechanisms and the influence of certain lithiated phases of TCO materials on transparency and conductivity. This is critical for the analysis and development of both new battery materials and chemistries, but also for the examination of TCO materials for charge storage applications [30] [31] [32] [33] [34] .
Transparency can be provided by using miniscule quantities of materials, or very thin films of uniform deposits [35] , but to have functioning volumetric energy densities, strategies to improve transparency while maximizing active material coverage of an electrode would be advantageous. The only formally transparent element in a typical battery is its electrolyte, which is soaked into a porous polymeric membrane and sealed with opaque materials between two sheets of metal. One method to allow transparency in a battery is to reduce active material dimensions below their optical absorption length; there are no currently used battery materials with absorption lengths that are sufficiently long in the full potential window in which the battery operates. Architectures of materials that influence optical properties have shown promise in this regard, but it does not automatically apply to small or quantities of active materials or porous materials; a graded or step-change in refractive index from high to low is typically required to minimize Fresnel reflections, enhance transparency and its angular dependence to longer wavelengths. Varying surface coverage using dispersions that promote UV, visible and NIR transparency is also possible and the transparency window can be tuned by controlled variation of materials dispersion, the variation in refractive index throughout the material and its inherent electronic and optical properties [2] [3] [4] [5] [6] . The recent demonstration of a fully transparent battery prototype [20] also involved testing of a continuous In2O3 thin film electrode. During cycling however, it was found that metal nanodots and lithium oxides and peroxides formed to such an extent that transparency was significantly reduced.
Here, In2O3 {111}-oriented crystalline nanodot dispersions have been successfully grown from an MBE deposition of an In layer and subsequent oxidation at elevated temperature. The method results in unique areal and size dispersions of nanodots varying in size from hemispherical 2 nm dots to larger, faceted ~500 nm crystals, on the Si current collectors. Angle-resolved transmittance measurements confirm that the deposits maximize transparency in the infra-red, while maintaining characteristic transparency in the visible with a beneficial reduction in resistivity and sheet resistance; this overcomes the transparency limitations for In2O3 nanomaterials by index matching through a unique size dispersion and reduction in refractive index from the current collector to the electrolyte. The nanodots form as In@In2O3 core-shell crystals, and form a stable solid electrolyte interphase (SEI) layer and reversibly alloy with lithium allowing them to function as visible-to-IR transparent, visibly antireflective Li-ion battery electrodes. These properties could potentially lead to further development of similarly controlled dispersions or graded index (porosity) of a range of other active materials that facilitates enhanced transparency. The approach shown here is straightforward and scalable and may be applied to the fabrication of high quality optoelectronic, electronic and sensor devices and as a promising route towards visible-to-IR transparent conducting TCOs that reversibly store (electro)chemical charge, and also for the development of non-destructively, optically addressable materials and interfaces for in-situ monitoring of electrochemical processes.
Experimental section
Before growth on silicon and glass substrates, the respective surfaces were cleaned using a standard RCA process. After rinsing, a second treatment in a H2O2:HCl:H2O (1:1:5) solution was used to remove metallic and organic contamination. For evaporation of the In sources, a home-built MBE high-vacuum chamber with a distinct effusion cell for In together with an electron-beam evaporator, was designed in cooperation with MBE-Komponenten GmbH, with calibrated growth rates. As detailed Fig. 1, a Ultrascan CCD camera and EDAX Genesis EDS detector for atomic resolution crystal structure and composition examination. The size distribution of the nanodots was analysed using ImageJ [36] .
X-ray photoelectron spectroscopy was acquired using a Kratos Axis 165 monochromatized X-ray photoelectron spectrometer equipped with a dual anode (Mg/Al) source. Survey spectra were captured at as pass energy of 100 eV, step size of 1 eV, and dwell time of 50 ms. The core level spectra were an average of 10 scans captured at a PE of 25 eV, step size of 0.05 eV, and dwell time of 100 ms. The spectra were corrected for charge shift to the C 1s line at a binding energy of 284.9 eV. A Shirley background correction was employed, and the peaks were fitted to Voigt profiles.
Variable angle spectroscopic ellipsometry (VASE) was performed using a J. A.
Woollam Co., Inc. M-2000U variable angle spectroscopic ellipsometer over a wavelength range of 300 to 900 nm. Reflectance measurements were carried out in a Bruker FT-IR spectrometer IFS66/V on nanodot samples and ITO on glass. Different configurations of beam splitters, detectors and sources were used to cover the infrared (5 µm) to visible ranges.
For angular resolved measurements, a NIR512 Ocean Optics spectrometer was used as a detector in a home-built reflectance/transmittance setup using a collimated Xenon arc lamp as a light source.
To investigate the electrochemical insertion (alloying) and removal of Li, cyclic voltammetry measurements were carried out in a 3-electrode setup using a Multi Autolab 101 potentiostat, using Li as both counter and reference electrodes. All potentials, unless Results and discussion Figure 1a shows a SEM image of the nanostructures grown by MBE of indium in an oxygen atmosphere. The MBE deposition was conducted at a rate of 0.1 Å s -1 ; such a slow deposition rate is typically used to ensure initial seeding of the substrate with a metallic seed layer [37] . The initial formation of a dewetted liquid In 'layer' comprising a high density of metallic nanodots (maintained in a liquid state on a substrate heated to 400 °C), and the progressive nature of their deposition allows hierarchical nanodot seeds to form on the high energy facet edges of the larger crystals. In some cases we observe subsequent growth of long, straight In2O3 nanowires (see Fig. 1e ) with lengths reaching hundreds of nanometres and diameters not exceeding the diameter of hierarchical dots. The nanodot dispersions (and also the progressively nucleated dots-on-dots) form by thermally driven (substrate heating) ripening, coalescence, oxidation crystallization, and continued progressive In deposition. [38] . In low saturation MBE deposition, these relationships greatly influence the final shape of the nanodots. We used electron backscattered diffraction from the terminating surfaces of both faceted and nonfaceted nanodots to quantify their epitaxial relationship to their substrate and also their relative orientational distribution. The measurements were taken at 70° tilt (Fig. 2a) and a pole plot of the nanodot texture orientation distribution ( 'flow' of material pre-oxidation occurs almost entirely parallel to the substrate and thus a perfect faceted crystal is not required to give an iso-terminated nanodot dispersion.
Being extremely sensitive to tilt or variations in the top surface of the crystals, the corresponding pole plot shown in Fig. 2b were acquired to map the distribution of textures around major growth directions. The texture pole plot is centered around the {111} directions. It is clear from the texture distributions in the in Fig. 2b , that the particles grow with horizontal hexagonal {111} planes, parallel to the (100) substrate of the silicon wafer.
The three areas of high frequency distribution located around 70.5 degrees is related to similarity between {111} plane equivalent planes: (111), (-111), (1-11) as well as (11-1 The growth rate perpendicular to {111} planes is comparatively slower than {110} and {100}
planes. As a result, growth in lateral direction progresses faster than in vertical, which we find regardless of the degree of crystal faceting. Such arrangement results in formation of truncated octahedral structures, that coalesce with their nearest neighbours during growth (see Fig. 2e ). In such cases, the reason for the formation of non-faceted particles can results from reflow of metallic In with next nearest neighbours (necking and ripening), which was captured after solidifying oxidative crystallisation in Fig. 2f .
One of the important factors in MBE growth of oxide films and particularly when these materials undergo volume expansion during uptake of Li ions during charging, is the quality of physical contact to the substrate, indicated by the lattice mismatch ݂ = (ܽ − 2ܽ ௦௨ )/2ܽ ௦௨ , where af and asub are the lattice constants in the growth plane of In2O3 (111) and Si(100), respectively. The mismatch parameter should be as low as possible to minimize the additional strain placed on the deposit due to electrochemical reduction from In2O3 to metallic In and subsequently during volumetric expansion accompanying electrochemical Lialloying. For In2O3, the (111) lattice parameter is 1.074 nm, leaving a mismatch of 1.13%
between ܽ and 2ܽ ௦௨ (for a Si(100) lattice spacing of 1.086 nm). The resulting strain between the nanodot-substrate interface is low; the surface free energy of In2O3(111) is much lower than that of Si(100) [39] . This orientation offers the least possible interfacial strain between In2O3 and Si(100). The deposition of the first few atomic layers of In results in complete wetting of an area of the surface according to the Frank van-der Merwe (FM) growth mechanism. Subsequent deposition of adatoms causes accumulation of strains and leads to change of growth mechanism from FM to Stranski-Krastanow (SK) resulting in 3-dimensional islands on 2D wetting layer, since the liquid In dewets to form droplets on the surface as the adatom concentration shifts the metastable deposition to an unstable condition [40] . This qualitatively also explains why we consistently observe nanodots beginning to form via a hierarchical mode with smaller length scales on top of crystallizing dots. Although the lattice constant is formally the same for In2O3 on In2O3, this only holds when the orientation of the crystal deposit matches that of the underlying dot; which this is not the case, strain-relieved dots-on-dots are possible. The composition of the MBE nanodots were determined using XPS and EDX. Figure   3a shows the In3d and O1s core-level photoelectron emission spectra of the nanodots. Corelevel emission corresponding to In 3d5/2 and In 3d3/2 were observed at 444.34 eV and 452.03 eV (referenced to the C1s core-level of 284.9 eV, see Supporting Information, Fig. S4 
In2O3 nanodot dispersions and electrode coverage
To determine the coverage of the nanodot dispersions, we analysed their size distribution by factoring the anisotropy in non-hemispherical shape. Due to the large variance in sizes and asymmetrical shapes, the Feret diameter (the distance between two parallel tangents at arbitrary angle, defined in The existence of two primary peaks in the size distributions suggests a two-stage overall growth mechanism (Supporting Information Section 3) [41] . Firstly, nucleation and ripening of adatom species from MBE results in the formation of small nanocrystals on the surface of the silicon, with a maximum eventual average size determined to be ~30 nm.
Continuous ripening growth of the nanodots results in their growth and transition from nucleation and ripening, to ripening, coalescence and further growth (including a second phase of nucleation on the surface of nanodots already on the surface, as shown in Fig. 1d ).
The dispersion with two primary length scales allow a particular in-plane porosity of ~20% with maximal associated areal coverage of the substrate.
Enhanced IR transparency of the In2O3 nanodot dispersions
In2O3, as a wide bandgap semiconductor (Eg d ~ 3.6 eV; Eg i ~ 2.6 eV), has a transparency that is fundamentally interlinked with it conductivity; the transition occurs on or around its plasma frequency related to the electron density according to the Drude model by ωp 2 = nq 2 /m*ϵ0, where m* and q are the effective mass and charge of an electron, and ϵ0 the highfrequency permittivity of free-space. For the single-sided In2O3 nanodot dispersion, the transmission is limited by Fresnel reflection due to the step discontinuity in refractive index at the rear flat surface [35, 42, 43] , depicted for an ITO film on glass and the nanodots on silicon in Fig. 5 . The refractive index of as-received Si(100) substrate is 3.42 and that of In2O3 is 1.46 at the interface, which reduces to 1.24 at the nanodots-air interface measured by spectroscopic ellipsometry (see Fig. 5 ).
The nanodots-air interface is reasonably uniform and analysed as a porous Cauchy layer [44, 45] . In our case, the NP nanodots dispersion 'layer' acts as a porous thin film Angle resolved transmission measurements of the nanodot dispersions and an ITO thin film were determined and summarised in Fig. 6 . The position of the plasma frequency indicated by ωp, red shifts and the reflectance of the In2O3 nandots dispersion and the ITO thin film decreases with angle near their respective plasma frequencies, shown in Fig. 6a , while the reflectance decreases substantially after the plasma frequency relative to that before the onset of the plasma frequency. These layers offer excellent visible-infrared transmission, and also antireflection properties, as seen in the optical images in Fig. 6b and c. The red-shifting of the entire angle-resolved spectrum for the nanodots dispersions is also seen in Fig.   6a , where at visible wavelengths the transmission varies from 55% at near incidence and at 40°, and importantly, remains 87% transparent at wavelengths up to 4 µm (Fig. 6a) .
Corresponding angle-resolved reflectance of an ITO film in Fig. 6d , confirms a blueshift of the plasma frequency with increasing angle, but even at normal incidence the comparison comparative ITO film is similarly conductive but much less transparent at IR wavelengths. The nanodot dispersions allow shifting the maximum in transmission (and minimum in normal reflectance) to longer wavelengths while maintaining identical transmission in the same energy window as commercial ITO on glass (Fig. 6a) , and with the added benefit of a lower effective sheet resistance into the IR. 
Reversible electrochemical Li-insertion
The ability of the In2O3 nanodot dispersions to reversibly intercalate or alloy Li, and its insertion and removal potentials, was examined using cyclic voltammetry. The free surface area (~20%) between neighbouring particles allows Li to be coinserted into the silicon current collector, which is indicated by the existence of two additional peaks in the anodic part of the insertion reaction, at 0.32 V and 0.5 V. Those peaks relate to the removal of lithium from silicon [49] . Figure 7b shows the first 2 cycles of this system, and we note that the reduction of In2O3 and related alloying processes dominate over
LixSi phase formation and insertion of lithium into silicon in the first cycle. This co-insertion into the active material and current collector equilibrates after the second cycle. The increasing rate of Li-Si formation can be attributed to an activation effect [51] clear that no significant volume change effects occur in stable In 0 nanodots [52] ; faceting related to the structure of In2O3 is also lost during electrochemical reduction to the pure metal.
Previous reports show that the electrochemical performance of In2O3 is strongly influenced by its microstructure and composition [32] . Here, the dispersion of the nanodots, while permitting transparency and conductivity into the IR region, also allows lithium insertion into the current collector, and remains structurally stable due to strong epitaxial adhesion and lithium co-insertion buffering by the silicon current collector. The partial porosity of the variable size nanodot distribution prevents stress build up in the In 0 (when reduced from In2O3) and promotes optical transparency. The removal of the smallest nanodots by volume expansion of the underlying silicon does not largely affect the gravimetric energy density, and it serves to buffer polarization of the LixIn by reversibly inserting Li + . Detailed size distribution analysis before and after cycling shows that some volume expansion occurs in the alloyed Li-In phase, but it does not affect the structural integrity of the electrical contact to the current collector.
Conclusions
The unique size dispersion of In2O3 nanodots prepared by MBE deposition of indium and subsequent oxidation in air at elevated temperature, has allowed the development of a Li-ion battery electrode with enhanced IR transparency with sacrificing electrical conductivity, and lithium co-insertion processes with high Coulombic efficiency that results in stable cycling and charge storage. The In2O3 nanodots show bimodal size distribution confirming a two step epitaxial growth mechanism, and good surface coverage with unique shape and (111) crystalline orientation. The nanodot dispersions were successfully shown to reversibly alloy with lithium after reduction to metallic indium; the specific size distributions allow reversible lithium co-insertion with a silicon current collector as well as the active material on the surface. Moreover, the specific size offers excellent antireflective properties and enhanced transparency reaching ~87% at 4 µm. By controlling a reduction in refractive index form the current collector to the air or electrolyte interface, active charge storage materials can show improved transparency over wider wavelength ranges. This potentially allows for further development of transparent battery electrodes or the possibility for in-situ non-destructive spectroscopic monitoring of structural and electrochemical processes.
